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A B S T R A C T

The nitric oxide – guanylyl cyclase-1 – cyclic guanylate monophosphate (NO-GC-1–cGMP) pathway has emerged
as a potential pathogenic mechanism for glaucoma, a common intraocular pressure (IOP)-related optic neuro-
pathy characterized by the degeneration of retinal ganglion cells (RGCs) and their axons in the optic nerve. NO
activates GC-1 to increase cGMP levels, which are lowered by cGMP-specific phosphodiesterase (PDE) activity.
This pathway appears to play a role in both the regulation of IOP, where reduced cGMP levels in mice leads to
elevated IOP and subsequent RGC degeneration. Here, we investigated whether potentiation of cGMP signaling
could protect RGCs from glaucomatous degeneration. We administered the PDE5 inhibitor tadalafil orally
(10mg/kg/day) in murine models of two forms of glaucoma – primary open angle glaucoma (POAG; GC-1−/−

mice) and primary angle-closure glaucoma (PACG; Microbead Occlusion Model) - and measured RGC viability at
both the soma and axon level. To determine the direct effect of increased cGMP on RGCs in vitro, we treated
axotomized whole retina and primary RGC cultures with the cGMP analogue 8-Br-cGMP. Tadalafil treatment
increased plasma cGMP levels in both models, but did not alter IOP or mean arterial pressure. Nonetheless,
tadalafil treatment prevented degeneration of RGC soma and axons in both disease models. Treatment of whole,
axotomized retina and primary RGC cultures with 8-Br-cGMP markedly attenuated both necrotic and apoptotic
cell death pathways in RGCs. Our findings suggest that enhancement of the NO-GC-1-cGMP pathway protects the
RGC body and axon in murine models of POAG and PACG, and that enhanced signaling through this pathway
may serve as a novel glaucoma treatment, acting independently of IOP.

1. Introduction

Glaucoma, a common optic neuropathy, is the leading cause of ir-
reversible blindness worldwide. By the year 2040, an estimated 111
million people will have glaucoma, many of which will be bilaterally
blind.(Quigley & Broman, 2006; Tham et al., 2014) Glaucoma is char-
acterized by degeneration of retinal ganglion cells (RGCs), whose axons
form the optic nerve.(Shaikh et al., 2014) There are two major forms of
the disease - primary angle closure glaucoma (PACG) and primary open

angle glaucoma (POAG), with the latter being most prevalent.
(Friedman et al., 2004) Several risk factors for glaucoma have been
identified, however the only risk factor currently amenable to treatment
is the level of intraocular pressure (IOP). Animal models of glaucoma
illustrate a strong correlation between cumulative IOP exposure and
optic neuropathy.(Mabuchi et al., 2003; Yucel et al., 2003) Large
clinical trials indicate that significant and sustained IOP lowering by
pharmacological, laser or surgical intervention slows vision loss in
glaucoma patients.(Heijl et al., 2002; Garway-Heath et al., 2015)
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However, human studies demonstrate that substantial IOP lowering
does not completely halt disease progression.(Heijl et al., 2002; Am J.
Ophthalmol., 1998) Furthermore lowering IOP in patients with ocular
hypertension slows, but does not completely prevent the onset of
glaucomatous disease.(Kass et al., 2002) These findings underscore the
need to find strategies that directly protect the RGCs in clinical glau-
coma management.

Multiple genetic epidemiology studies implicate impaired nitric
oxide – guanylate cyclase-1 – cyclic guanylate monophosphate (NO-
GC1–cGMP) signaling as a possible pathogenic mechanism in
POAG(Kang et al., 2010; Buys et al., 2013; Emam et al., 2014;
Magalhaes da Silva et al., 2012) and PACG.(Ayub et al., 2010; Awadalla
et al., 2013; Rong et al., 2016) NO activates GC-1 to increase levels of
cGMP and cGMP levels are lowered by degradation via cGMP-specific
phosphodiesterases (PDE). Among women the relation between NOS3
polymorphisms and POAG is significantly modified by age at menarche,
parity,(Kang et al., 2011) and postmenopausal hormone use.(Kang
et al., 2010) Similarly, variants in the promoter region of NOS3 were
identified in 20% of familial POAG patients(Tunny et al., 1998) and the
NOS3 variant rs2070744 is significantly associated with a subset of
normal tension glaucoma patients with optic nerve head hemorrhage.
(Jeoung et al., 2017) Furthermore, variants in the genomic region that
encompasses GUCY1A3 and GUCY1B3, the genes encoding the α1 and
β1 subunit of GC-1, are associated with female POAG cases that exhibit
early paracentral vision loss in the Glaucoma Genes and Environment
(GLAUGEN) study.(Buys et al., 2013) Likewise, genetic variants in
upstream components of the NO-GC-1-cGMP pathway are also asso-
ciated with open-angle glaucoma(Ozel et al., 2014; Thorleifsson et al.,
2010; Wiggs et al., 2011; Nunes et al., 2018; Khawaja et al., 2018);
specifically loci between CAV1 and CAV2, the genes encoding for Ca-
veolin 1/2 which control NO production by NOS3(Mineo & Shaul,
2012) are associated with POAG. Physiological studies suggest that NO
and cGMP regulate aqueous humor (AqH) outflow, and optic nerve
head hemodynamics in pre-clinical models(Buys et al., 2013; Ayub
et al., 2010; Awadalla et al., 2013; Rong et al., 2016; Kang et al., 2011;
Lei et al., 2015; Chang et al., 2015) and have clinical relevance for
glaucoma treatment.(Ellis et al., 2009; Khoobehi et al., 2011; Kotikoski
et al., 2003; Krauss et al., 2011; Weinreb et al., 2015; Weinreb et al.,
2016; Kawase et al., 2016) Collectively these studies highlight a role for
the NO-GC-1-cGMP pathway in POAG and PACG pathogenesis, re-
presenting important steps toward understanding the contribution of
the NO-GC-1-cGMP pathway in the etiology of glaucoma.

We recently implicated a role for GC-1 in the regulation of IOP in
glaucoma.(Buys et al., 2013; Muenster et al., 2017) Our findings in-
dicated that female mice lacking the alpha-1 subunit of GC-1 (formerly
soluble guanlyate cyclase or sGC), develop age-related glaucoma mi-
micking human POAG.(Buys et al., 2013) GC-1 disruption leads to age-
related elevated IOP and RGC degeneration. Here, we investigated
whether preventing breakdown of cGMP by phosphodiesterase type 5
(PDE5) could, conversely, protect RGCs from glaucomatous degenera-
tion. We found that the PDE5 inhibitor, tadalafil, increases serum cGMP
levels and impedes RGC loss in murine models of both POAG (GC-1−/−

mice) and PACG (Microbead Occlusion Model; MOM) without altering
IOP. Additionally, we determined that cGMP directly impedes axotomy-
induced necrosis and apoptosis in whole retina as well as in primary
RGCs. Our findings suggest that increased bioavailability of cGMP
prevents IOP-related RGC degeneration in an IOP-independent manner.
We provide evidence for IOP–independent neuroprotection in both
POAG and PACG pre-clinical models, indicating that NO-GC-1–cGMP
pathway is a strong candidate for therapeutic targeting.

2. Methods

2.1. Animals

All animal studies were conducted in accordance with the National

Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals and were approved by the IACUC committee at the
Massachusetts General Hospital and Vanderbilt Medical Center. For
RGC cultures, we obtained timed-pregnant Sprague-Dawley rats from
(Charles River Laboratories, Wilmington, MA). Two – four days after
birth, pups were collected, sacrificed by decapitation and retinas were
processed for primary cultures of RGCs. For GC-1−/− studies, age-
matched female wild type Sv/129S6 (WT) and GC-1−/− mice on an Sv/
129S6 background were bred and housed at the Massachusetts General
Hospital animal facility.(Buys et al., 2008) For microbead studies, age-
matched (WT Sv/129S6) 8-week old female mice were bred in the
animal facility at Massachusetts General Hospital. All mice were eu-
thanized with 10mg intraperitoneal (IP) pentobarbital injection. Ob-
servers masked to animal genotype, experimental group and diet per-
formed all data acquisition and analyses described.

2.2. Microbead model

Microbead-induced IOP elevation was performed, as previously
described.(Chen et al., 2011) WT mice were anesthetized with ketamine
(100mg/kg IP; Ketaset; Fort Dodge Animal Health, Fort Dodge, IA) and
xylazine (9mg/kg; TranquiVed; Vedco, Inc., St. Joseph, MO). Addi-
tional analgesia was provided by topical application of tetracaine (1%;
Bausch & Lomb, Tampa, FL). IOP elevation was induced unilaterally by
2 μl injection of polystyrene microbeads (FluoSpheres; Invitrogen,
Carlsbad, CA; 15-μm diameter) into the anterior chamber of the right
eye under a surgical microscope. Microbeads were formulated at
5.0×106 beads/ml in sterile saline solution. The central cornea was
gently punctured using a sharp 30-gauge needle (World Precision In-
struments Inc., Sarasota, FL). Just prior to microbead injection, an air
bubble was injected into the anterior chamber via a micropipette con-
nected with a Hamilton syringe, coupled to a syringe pump to prevent
excessive AqH egress from the eye. A small volume (2 μl) of microbeads
was then injected through the pre-formed anterior chamber entry site
using the micropipette - Hamilton syringe-syringe pump equipment.
Mice were placed on a heating pad for recovery after the injection, and
a triple-antibiotic ointment (neomycin/polymyxin B/bacitracin) (De-
chra Veterinary Products, Overland Park, KS) was applied topically
onto the injected eye to prevent infection. In this study, microbeads
were injected at Day 0 and Day 10 to maintain IOP elevation. In control
groups, mice received 2 μl injections of vehicle (saline) at Day 0 and
Day 10.

2.3. IOP measurements

IOPs were measured at baseline, and post-injection at week 1, 2, 3
and 4 in the PACG model and at 2, 4, 6, 8 and 10months after tadalafil
treatment in the POAG model. IOP measurements were taken at the
same time of day (between 1 and 3 PM). Mice were anesthetized by
sequential isoflurane inhalation of 5% for 30 s, 3% for 1min and then
2% for a further 1min before measurements were taken. Isoflurane was
delivered in 95% oxygen with a precision vaporizer and IOP measure-
ments were taken after 2min when animals lost toe pinch and blink
reflex. IOPs were acquired with a TonoLab rebound tonometer (iCare,
Franconia, NH, USA) after topical application of anesthesia (0.5%
proparacaine hydrochloride). Five TonoLab final readings each were
averaged to obtain a single IOP value per eye.

2.4. Retinal explants

For ex vivo retinal preparations, eyes were enucleated from WT mice
and retinas rapidly removed and prepared as previously described.
(Sappington et al., 2015) Briefly, explants were placed on organotypic
culture inserts (0.4mm pore; Millipore, Temecula, CA) held within
culturing plates containing modified Neurobasal A media (2% B27 and
1% N2 supplements, 2 mM L-glutamine, 100 μM inosine, 0.1%
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gentamicin, 50 ng/ml BDNF, 20 ng/ml CNTF, and 10 ng/ml bFGF), and
allowed to equilibrate overnight in an incubator at 37 °C with 5% CO2.
Explants were maintained at ambient pressure in a standard incubator
for 3 days and all experiments using explants were performed mini-
mally in triplicate.

2.5. RGC cell separation and culture

Isolation of RGCs was carried out as previously described.
(Sappington et al., 2006) Eyes (n≥ 16/preparation) from postnatal day
2 to 4 Sprague-Dawley rats were enucleated, retinas were dissected
from each and stored on ice in Dulbecco modified Eagle medium plus
5% glucose (DMEM/glu; Gibco, Carlsbad, CA). Tissue was dissociated
first by lightly vortexing for 10 s, and then by centrifugation (70×g for
6min at 4 °C). Retinas were triturated by pipetting and incubated for
15min at 37 °C in 1mg/ml papain (Worthington, Lakewood, NJ) and
0.01% DNase I in Earle's Balanced Salt Solution. RGCs were purified by
immunomagnetic separation, as previously described.(Shoge et al.,
1999; Mukai et al., 2002; Levin, 2005) Briefly, to first remove Müller
glia, the cell suspension was centrifuged (4 °C at 250×g) and re-sus-
pended in DMEM/Glu with a polyclonal mouse anti-CD44 IgG (4 μg/ml,
Catalog no: ab157107; Abcam). The suspension was incubated on ice
for 10min while shaking, before centrifugation (4 °C at 250×g) and
incubation on ice for 15min, shaking, with anti-mouse immunoglobulin
G (IgG) secondary antibody conjugated to magnetic microbeads. The
suspension was then loaded into a pre-equilibrated column in the pre-
sence of a magnetic field (Miltenyi Biotech, Auburn CA). To isolate
RGCs, the remaining cell suspension was incubated with monoclonal
mouse anti-Thy1.1/CD90 IgG on ice, while shaking for 10min (5 μg/
ml; Catalog no. 554895; BD Pharmingen, San Diego CA), and then for
15min on ice, shaking, with antimouse IgG-labelled secondary and
passed through a column in a magnetic field. The resulting Thy1.1/
CD90-positive cells were plated into eight-chamber glass slides coated
with laminin (0.01mg/ml; Sigma) and grown in serum-free, B27-sup-
plemented medium (NeuroBasal; Gibco), as previously described.
(Sappington et al., 2006) The growth medium also contained 2mM
glutamine, 0.1% genomycin, 1% N2 supplement (insulin 500 μg/ml;
transferrin 10mg/ml; progesterone 630 ng/ml; putrescine 1.6mg/ml
and selenite 520 ng/ml; Gibco), 50 ng/ml brain-derived neurotrophic
factor (Invitrogen, Carlsbad, CA), 20 ng/ml ciliary neurotrophic factor
(Invitrogen), 10 ng/ml bFGF (Invitrogen), and 100 μM inosine (Sigma).
Before experiments, RGCs were maintained with the medium described
above in a standard incubator containing 5% CO2 until homeostasis was
reached, as determined by neurite outgrowth and a stable level of
viability (5–7 days).

2.6. Pharmacological interventions

For in vivo studies, food pellets containing cGMP-enhancing-com-
pound (40mg/kg tadalafil) were ordered from Research Diets, Inc.
(New Brunswick, NJ, USA). All mice were fed with an ad libitum diet.
The duration of tadalafil treatment was determined by the timeline of
pathology in each model, such that tadalafil treatment was provided
throughout pathogenesis and progression. For hemodynamic (WT) and
cGMP (WT and GC-1−/−) studies described below, age-matched mice
were fed tadalafil-containing chow (10mg/kg/day) for 4 weeks prior to
measurements. For microbead studies, WT mice were fed tadalafil-
containing chow three days before the time of microbead injection, and
then for 4 weeks until sacrifice and endpoints for the study were carried
out. For chronic GC1−/− studies, tadalafil treatment began at maturity
(3-month-old WT and GC-1−/− mice) and continued for 10months
until they were sacrificed. For ex vivo and in vitro studies, the cGMP
analogue 8-Br-cGMP was used. For retinal explant experiments, ex-
plants were kept in culture for 24 h to equilibrate before incubation in
the presence or absence of 8-Br-cGMP for another 48 h. Cell culture
medium was then removed for LDH analysis (see below). Remaining

retinal tissue was then sonicated and protein extracted for western blot
analysis (see below). For primary RGC cultures, cells were kept in
culture for 5–7 days before addition of 8-Br-cGMP for an extra 48 h with
or without 8-Br-cGMP.

2.7. cGMP quantification

Whole blood was collected in K2EDTA tubes (Becton Dickinson)
from 3-month-old WT and GC-1−/− mice maintained on tadalafil chow
for 4 weeks. Following centrifugation (4 °C for 15min at 1000 ×g),
serum was collected and snap-frozen in liquid nitrogen until analysis.
cGMP concentrations were measured using the acetylation protocol of a
cGMP ELISA Kit (Cayman Chemical) after sample dilution with supplied
ELISA buffer as per manufacturer's specifications. Samples were stan-
dardized to protein concentration measured by BCA Protein Assay Kit
(Pierce).

2.8. Hemodynamic measurements

Mean arterial pressure (MAP) was measured in 3-month-old WT
mice maintained on tadalafil chow for 4 weeks. Mice were placed on a
temperature-controlled surgical table with a rectal temperature probe
for the maintenance of body temperature at 37 °C. The age-matched
animals were anesthetized with 1.5 vol% isoflurane and 0.8 L/min O2
flow. The right carotid artery was cannulated with a custom-made PE-
10 catheter connected to a pressure transducer for monitoring of sys-
temic blood pressure. After reaching a steady state, the MAP was re-
corded.

2.9. Retinal wholemount immunohistochemistry and RGC quantification

Eyes were enucleated, a small incision made in the cornea and post-
fixed for 2 h in 4% paraformaldehyde (Boston Bioproducts, Ashland,
MA) at 4 °C. Retinas were isolated from the eyecup and cuts made to
create quadrants. Dissected retinas were blocked with 0.1% Triton-
X100 and 2% BSA in PBS for 1 h, followed by incubation with the
primary antibody β-III-tubulin, (1:400, 1 μg/ml, Millipore) overnight at
4 °C. The following day, retinas were washed 3× in PBS and incubated
for 2 h at room temperature with the secondary antibody anti-mouse
Alexa Fluoro 594 (1:500, 4 μg/ml, Life Technologies). Finally, the 4′,6-
diamidino-2-phenylindole counterstain was added in PBS (1:1000) for
15min at room temperature. Flat-mount stained retinas were placed on
SuperFrost Plus slides (VWR, Batavia, IL) and coverslipped with
mounting medium (VectaShield, Vector Lab, Burlingame, CA). Flat-
mounted retina each with 4 unidirectional segments were imaged with
a confocal microscope (Leica TSC SP5). For each retina, we employed a
consistent sampling pattern that accounted for eccentricity
whereby16–20 non-overlapping images were taken from mid and per-
ipheral regions of the retina (around 4–5 per unidirectional segment; at
least two mid-central images and two peripheral per segment). The
identity of each image was masked and anti-βIII-tubulin positive cells,
denoting RGCs, were counted by two investigators, first by hand and
then using CellProfiler and CellProfilerAnalyst software, as described
previously.(Dordea et al., 2016) For each animal RGC counts were
averaged and expressed as mean RGCs per mm2 of retina.

2.10. Optic nerve axon quantification

Optic nerves were harvested and fixed in 2.5% Karnovsky fixative
(2.5% formaldehyde/2.5% glutaraldehyde) at 4 °C. Semi-thin optic
nerve cross sections (1 μm) were stained with 1% para-
phenylenediamine (PPD, Fisher Scientific Co., Fair Lawn, NJ) and im-
aged on an upright microscope (Nikon bright-field microscope). Each
section of optic nerve was imaged with 10–12 non-overlapping images
taken per section at 100×; at least 5–6 central regions and 5–6 per-
ipheral regions equidistant from the center of and circumference of the
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nerve were taken. Quantification of myelinated axons on 100× images
were carried out both manually and in ImageJ using the AxonJ plug-in
by at least two masked investigators. AxonJ is an automated quantifi-
cation tool used to count rodent axons on sections stained with PPD.
(Zarei et al., 2016) The software uses an algorithm to detect axons and
evaluates axon number in each section. To calculate axon density, axon
counts were divided by the area counted (mm2). Axon density is ex-
pressed as mean axons/mm2.

2.11. LDH cell death assay

After seeding, test compounds were prepared and added to primary
RGC or retinal explants in culture medium. Culture medium was re-
tained and LDH leakage measured using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega). Absorbances were measured
at 490 nm using the SpectraMax M Series Multi-Mode Microplate
Reader (Molecular Devices) and the SoftMax Pro Software (Molecular
Devices). For data analysis, background absorbance was subtracted
from sample absorbance. For every experiment 8 technical repeats of
each sample were run, and the experiment repeated 3 times using a new
retinal explant or isolation of primary cells.

2.12. Western blot analysis

Primary RGCs were collected from wells and centrifuged at (1200
relative centrifugal force for 5min at 4 °C), washed twice in ice-cold
PBS and the remaining pellet re-suspended in 60 μl radio-
immunoprecipitation buffer (RIPA) buffer containing 50mM Tris-HCl,
150mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, halt Protease
inhibitor cocktail (ThermoFisher), and halt Phosphatase inhibitor
cocktail (ThermoFisher). Cells were homogenized using an insulin
syringe and vortexed for 3 s. Lysates were incubated for 20min on ice
and then centrifuged (15min at> 10,000×g). The supernatant was
transferred into fresh Eppendorf tubes, snap frozen with liquid ni-
trogen, and stored at −80 °C if not immediately used. For retinal
samples, each retina was placed into 50 μl RIPA buffer and homo-
genized by sonication (Fischer Scientific, FB50). Protein was measured
in samples using the Pierce 660nn Protein Assay kit (ThermoFisher).
Samples (20 μg protein) were separated by SDS-PAGE on a 4–12% Bolt
Bis-Tris gel (Invitrogen), electroblotted onto PVDF membranes and
probed with the following primary antibodies: Cleaved Caspase-3
(9661S; 1:1000) Cell Signaling, Caspase-3 (9665S; 1:1000) cell sig-
naling, and GAPDH (2118S; 1:1000) Cell Signaling. Proteins were de-
tected using IRDye 680LT or IRDye 800CW secondary antibodies,
Odyssey Blocking Buffer and a Li-Cor Odyssey Infrared Imaging System
(Li-Cor Inc., Lincoln, NE) following manufacturer's protocol.

2.13. Statistical analysis

All data are presented as means± standard deviation (SD).
GraphPad Prism 6 (La Jolla, CA) was used to perform statistical ana-
lyses of the data. For multiple comparisons in GC-1−/− and microbead
studies, one-way ANOVA and the Welch's-corrected t-test were used.
Mann-Whitney Rank Sum Tests were used for data sets that did not
meet normality and/or equal variance requirements. A p value of 0.05
was considered significant.

3. Results

3.1. Tadalafil increases plasma cGMP in mice without elevating systemic
blood pressure

Current indications for tadalafil treatment relate to its ability to
increase smooth muscle relaxation in blood vessels via prolonged en-
hancement of cGMP levels. Since systemic blood pressure can affect
AqH outflow and IOP,(Zhao et al., 2014; Lee et al., 2017) we first

confirmed that the dose of tadalafil in this study was beneath that re-
quired to induce systemic blood pressure effects. We maintained two-
month old WT mice on control or tadalafil chow, dosed at 10mg/kg/
day for 4 weeks. Tadalafil treatment did not alter MAP in either male or
female mice (p > 0.05; n= 7 for all groups, Fig. 1A), though MAP was
19% higher in male mice than in female mice, regardless of diet
(p < 0.005 for both control and tadalafil diets; Fig. 1A). This is a
strain-dependent blood pressure phenomenon and has been reported
previously,(Buys et al., 2012) and therefore only female mice were used
throughout the remainder of the study.

To validate the ability of tadalafil to enhance cGMP levels, we
measured cGMP in plasma of WT and GC-1−/− female mice fed a
control or tadalafil diet. In mice maintained on control chow for
4 weeks, baseline cGMP levels were similar in GC-1−/− mice and WT
mice (Fig. 1B). In mice treated with tadalafil, (4 weeks) plasma cGMP
levels increased 2.4-fold and 1.5-fold in WT mice and GC-1−/− mice,
respectively (p < 0.05 for both; n= 9 and n= 7 respectively, Fig. 1B).
cGMP levels in GC-1−/− maintained on tadalafil were 37% lower than
tadalafil-treated WT mice (p= 0.0009; n= 7, Fig. 1B). In addition to
blood plasma, cGMP levels in retinal tissue was also analyzed; however,
levels were below the minimal level of detection (< 20 pmol cGMP/mg
protein). Regardless, our results demonstrate target engagement of ta-
dalafil and indicate that 4 weeks of daily dosing with tadalafil is suffi-
cient to increase cGMP levels in both the presence and absence of GC-1
activity.

3.2. Tadalafil does not alter IOP in either murine model of glaucoma

Recent clinical trials demonstrate that a novel class of NO-donating
drugs may be effective as IOP lowering agents for glaucoma.(Weinreb
et al., 2015; Weinreb et al., 2016) To determine whether tadalafil
treatment alters IOP, we measured IOP as a function of tadalafil

Fig. 1. Tadalafil does not alter MAP in male or female mice and increases
plasma cGMP after 4 weeks. Naïve WT or GC-1−/− mice were maintained on
40mg/Kg tadalafil chow for 4 weeks before MAP or cGMP measurements were
taken, n= 7–9 for all groups A). MAP does not change after tadalafil treatment,
B) cGMP levels increase in both naïve WT and GC-1−/− mice. Data expressed as
mean ± S.D. **p=0.004, ***p=0.0009 and ****p < 0.00001.
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treatment in GC-1−/− mice, a murine model of POAG and in WT mice
using the microbead model of PACG. For POAG studies, we maintained
GC-1−/− and WT mice on control or tadalafil diet for 10months (be-
ginning at 3months of age) and measured IOP monthly. Comparisons
between naïve WT and GC-1−/− mice determine the success of the
POAG model and comparisons between GC-1−/− mice on control and
tadalafil diets determines efficacy of tadalafil as an interventional
treatment for POAG. For PACG, we maintained saline- and microbead-

injected mice on control or tadalafil diet for 4 weeks (beginning 3 days
prior to injection) and measured IOP three times per week for 4 weeks.
Similarly, comparison between saline-injected and microbead-injected
mice in the control diet group determines the success of the model.
Comparison between control and tadalafil diet groups in microbead-
injected mice determines the efficacy of tadalafil as an interventional
treatment for PACG and finally, comparison of saline-injected animals
determines baseline effects of tadalafil in healthy mice.

Treatment with tadalafil did not alter IOP in either WT (Fig. 2A) or
GC-1−/− mice (Fig. 2B) over the 10-month treatment period (p > 0.05
for all). In PACG studies, at it's peak, IOP was 60% higher in microbead-
injected eyes (21.7 ± 0.8mmHg, n=10) than in saline-injected eyes
(13.5 ± 0.5mmHg, n=7) of mice maintained on control diet
(p < 0.0001; Fig. 2C).(Sappington et al., 2010) In tadalafil-treated
mice, mean peak IOP was 51% higher in microbead-injected eyes
(20.8 ± 0.9mmHg, n=9) than in saline-injected eyes
(13.8 ± 0.9mmHg, n=7, p≤0.0002; Fig. 2C). There was no sig-
nificant difference in IOP between mice maintained on control and
tadalafil diets for either saline- or microbead-injected eyes (p > .05,
Fig. 2C). These data indicate that these tadalafil exposures did not
significantly affect IOP elevation in either POAG or PACG murine
models. Together, our findings suggest that daily administration of
10mg/kg/day tadalafil enhances systemic cGMP levels without altering
either systemic blood pressure or IOP.

3.3. Tadalafil protects RGCs in a murine model of POAG

Female GC-1−/− mice develop glaucoma characterized by age-de-
pendent loss of RGCs and ON axons.(Buys et al., 2013) To investigate
whether tadalafil can prevent optic neuropathy associated with GC-1-
deficiency, age-matched WT and GC-1−/− mice were maintained on
control or tadalafil chow for 10months. After 10months of treatment,
we examined RGC degeneration by quantifying the density of β-tubulin-
stained RGC soma in the retina and density of RGC axons in the optic
nerve. Consistent with previous findings,(Buys et al., 2013) βtub+ RGC
density was 28% lower in GC-1−/− mice (1555 ± 49.69 RGC/mm2,
n=6) than in WT mice (1991 ± 76.71 RGC/mm2, n=6) maintained
on control diet (p= 0.0007; Fig. 3A, B). In contrast, density of βtub+
RGCs was 19% higher in retina from GC-1−/− mice maintained on
tadalafil chow (1855 ± 45.4 RGC/mm2, n=7) than GC-1−/− mice
maintained on control chow. This higher βtub+ RGC density in GC-1−/
− mice treated with tadalafil was similar to that in WT mice maintained
on the tadalafil diet (1855 ± 45.4 RGC/mm2n=7 vs. 1918 ± 36.61
RGC/mm2, n=5, p= 0.34 Fig. 3A, B). Tadalafil chow did not alter the
density of βtub+ RGCs in WT mice (1918 ± 36.61 RGC/mm2, n=5),
as compared to control chow (1991 ± 76.71 RGC/mm2, n=6,
p > 0.05; Fig. 3A, B). These data indicate that tadalafil treatment
preserves βtub+ RGC soma in retina from a POAG murine model.

RGC degeneration in POAG occurs in a retrograde fashion, where
RGC axons in the optic nerve degenerate prior to RGC soma in the re-
tina.(Buckingham et al., 2008; Calkins, 2012) Thus, we quantified the
RGC axon density in optic nerve from both control and GC-1−/− mice
with and without tadalafil treatment at 10months. In mice maintained
on control chow, axon density in optic nerves from GC-1−/− mice
(33,629 ± 822.1 axons/mm2n= 6) was 18% lower than in WT mice
(41,016 ± 540.2 axons/mm2, n=6, p < 0.0001; Fig. 4A, B). This is
consistent with previously reported findings in this model.(Buys et al.,
2013) Tadalafil treatment led to 7% higher axon counts in WT optic
nerves (41,016 ± 540.2 axons/mm2, n=6 control chow vs. tadalafil
chow at 43,936 ± 522.6 axons/mm2n= 5, *p=0.002; Fig. 4B). In
GC-1−/− mice, axons counts were 45% higher in mice fed tadalafil vs.
control diet (48,828 ± 707.4 axons/mm2, n=7 vs. 33,629 ± 822.1
axons/mm2, n=6, p < 0.0001; Fig. 4B). These data indicate that ta-
dalafil treatment markedly attenuates degeneration of RGC axons in the
optic nerve of mice from a POAG murine model.

Fig. 2. Tadalafil does not affect IOP measurements in either POAG or PACG
murine models of glaucoma. IOP was measured over time in WT or GC-1−/−

mice in the POAG model of glaucoma, and in WT mice with and without mi-
crobead injection in the PACG model.A) IOP in WT mice does not change with
tadalafil treatment, B) IOP in GC-1−/− mice does not change with tadalafil
treatment and C) tadalafil treatment does not alter IOP in the PACG murine
model of glaucoma in WT mice. Data expressed as mean ± S.D. Statistical
significances between saline and MOM (microbead occlusion model) groups are
p < 0.0002 for all comparisons.

L.K. Wareham et al. Neurobiology of Disease 121 (2019) 65–75

69



3.4. Tadalafil protects RGCs in a murine model of PACG

To determine whether the apparent neuroprotective properties of
tadalafil are specific to POAG or could also translate to PACG-induced
RGC degeneration, we examined the impact of tadalafil on RGC de-
generation in the microbead occlusion model (MOM).(Sappington
et al., 2010) In the MOM, intracameral injection of polystyrene mi-
crobeads leads to elevated IOP via blockade of aqueous drainage canals.
(Mineo & Shaul, 2012) WT mice received intracameral injection of ei-
ther microbeads or an equivalent volume of saline (experimental con-
trol). Three days prior to model induction, mice were fed tadalafil chow
or control chow. After 4 weeks, β-tub+ RGC soma and axons were
quantified in the retina and the optic nerve, respectively. Consistent
with previous findings,(Sappington et al., 2010) microbead-induced
ocular hypertension in mice maintained on control chow resulted in a
26% lower β-tub+ RGC density (2007 ± 48.01 RGC/mm2, n=10), as
compared to saline-injected controls (2726 ± 132 RGC/mm2, n=7;
p < 0.0001; Fig. 5A, B). In contrast, the density of β-tub+ RGCs was
similar in saline- (2580 ± 86.9 RGC/mm2, n=7) and microbead-in-
jected eyes (2630 ± 28.1 RGC/mm2, n=9) from mice maintained on
tadalafil diet (p > 0.05; Fig. 5A, B). Across microbead-injected mice,
the density of β-tub+ RGCs in microbead-injected eyes was 31% higher
in tadalafil-treated mice than in mice maintained on control chow
(2630 ± 86.9 RGC/mm2, n=9 vs. 2007 ± 48 RGC/mm2, n=10,

p < 0.0001, Fig. 5A, B). In contrast, there was no significant difference
in the density of β-tub+ RGCs in saline-injected mice treated with ta-
dalafil or maintained on control chow (2726 ± 132 RGC/mm2, n=7
vs. 2580 ± 86.9 RGC/mm2, n=7, p > .05; Fig. 5A, B).

In mice maintained on control chow, RGC axon density in optic
nerves from microbead-injected eyes (33,563 ± 1045 axons/mm2,
n=10) was 27% lower than that of saline-injected eyes
(46,178 ± 501.1 axons/mm2, n=7, p < .0001; Fig. 6A, B). Treat-
ment with tadalafil prevented the loss of RGC axons: RGC axon density
was similar in optic nerves from microbead-injected eyes
(48,747 ± 517.1 axons/mm2, n=9) and saline-injected eyes
(45,855 ± 654.9 axons/mm2, n=7 (p=0.001; Fig. 6A, B) and RGC
axon density was 45% higher in mice treated with tadalafil chow
(48,747 ± 517.1 axons/mm2,n=9) than in microbead-injected mice
maintained on control chow (33,563 ± 1045 axons/mm2, n=10,
p < .0001, Fig. 6A, B). RGC axon density did not differ significantly
between optic nerves of saline-injected mice treated with tadalafil or
maintained on control chow (45,855 ± 654.9 axons/mm2, n=7, vs.
46,178 ± 501.1 axons/mm2, n=7, p=0.7 Fig. 6A,B). Together,
these data indicate that tadalafil treatment preserves β-tub+ RGC soma

Fig. 3. Tadalafil prevents RGC loss in the murine POAG model of glaucoma.
Retina were flatmounted and stained for βIII tubulin. A) Representative βIII
tubulin-stained RGC micrographs in WT and GC-1-/- mice maintained on control
or tadalafil chow for 10 months are shown, scale bar = 50μM. B) Quantitative
analysis of the mean density of βIII tubulin-positive RGCs (y-axis; mean RGCs/
mm2± S.D) in retina reveals decreased RGC density in GC-1-/- mice that is
reversed by tadalafil treatment. *** p< 0.0009. MOM = microbead occlusion
model.

Fig. 4. Tadalafil prevents ON axon depletion in WT and GC-1−/− mice in the
murine POAG model of glaucoma. A) Representative paraphenylenediamine
-stained ON axon micrographs in WT and GC-1−/− mice maintained on control
or tadalafil chow, scale bar= 10 μM. B) Quantitative analysis of the mean
density of RGC axons (y-axis; mean axons/mm2 ± S.D) in optic nerve reveals
decreased RGC axon density in GC-1−/− mice that is reversed by tadalafil
treatment. ***, p < 0.0001.
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in retina and RGC axon density in a PACG-like murine model.

3.5. cGMP directly influences necrotic and apoptotic cell death in retina

Our data indicate that daily administration of 10mg/kg/day of ta-
dalafil prevents RGC degeneration in both POAG (Figs. 3, 4) and PACG
models (Figs. 5, 6), despite continued IOP elevation (Fig. 2). These
results suggest that tadalafil influences RGC degeneration despite an
IOP insult. Since tadalafil increases the bioavailability of cGMP, we
sought to determine whether cGMP can directly impact the survival of
RGCs. We examined necrotic and apoptotic cell death in organotypic
culture of whole retina 72 h after axotomy in the presence (48 h) or
absence of 100 μM 8-Br-cGMP, a cell-membrane permeable cGMP
analogue. Necrotic cell death was assessed by LDH assay and apoptotic
death was assessed by caspase-3 cleavage (CC3). LDH release was 16%
lower in whole retina explants treated with 8-Br-cGMP, than in those
treated with vehicle (p=0.02; Fig. 7A). Similarly, CC3 cleavage was
38% lower in retina explants treated with 100 μM 8-Br-cGMP than in
those treated with vehicle (p=0.002; Fig. 7B). These data indicate that
increased cGMP levels attenuate cell death of retinal tissue.

3.6. cGMP directly impacts necrotic and apoptotic cell death pathways in
RGCs

Like organotypic culture, production of primary RGC cultures re-
quires transection of RGC axons. Although there is some initial recovery
from axotomy, cell survival depreciates with time in culture. This de-
preciation is attributable to both necrotic and apoptotic mechanisms.
(Almasieh et al., 2012) Therefore we examined the ability of cGMP to
impact post-axotomy cell death using primary cultures of purified rat
RGCs. We treated RGC cultures with 100 μM 8-Br-cGMP or vehicle for
48 h and measured baseline levels of necrotic and apoptotic cell death
after 4 days in culture. Consistent with our results in whole retina ex-
plants, treatment with 8-Br-cGMP reduced LDH release by 22%
(p= 0.0008; Fig. 7C). Similarly, caspase-3 cleavage was also reduced
by 30%, as compared to vehicle (p=0.04; Fig. 7D). These data indicate
that increasing cGMP bioavailability improves survival of RGCs speci-
fically and does so, in part, by mitigating both necrotic and apoptotic
cell death.

4. Discussion

Multiple studies implicate impaired NO-cGMP signaling as a pos-
sible pathogenic mechanism in POAG.(Kang et al., 2010; Magalhaes da

Fig. 5. Tadalafil prevents RGC loss in the murine PACG model of glaucoma.
Retina were flatmounted and stained for βIII tubulin. A) Representative βIII
tubulin-stained RGC micrographs in WT mice maintained on control or tadalafil
chow for 1month after saline or microbead injection are shown, scale
bar= 50 μM. B) Quantitative analysis of the mean density of βIII tubulin-po-
sitive RGCs (y-axis; mean RGCs/mm2 ± S.D) in retina reveals decreased RGC
density in mice injected with microbeads that is reversed by tadalafil treatment.
*** p < 0.0001. MOM=microbead occlusion model.

Fig. 6. Tadalafil prevents ON axon depletion in the murine PACG model of
glaucoma. A) Representative PPD-stained ON axon micrographs in WT mice on
control or tadalafil chow for 1month after saline or microbead injection, scale
bar= 10 μM. B) Quantitative analysis of the mean density of RGC axons (y-axis;
mean axons/mm2 ± S.D) in optic nerve reveals decreased RGC axon density in
microbead-injected mice that is reversed by tadalafil treatment. Data expressed
as mean ± S.D. **** p < 0.0001. MOM=microbead occlusion model.
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Silva et al., 2012; Doganay et al., 2002; Galassi et al., 2004; Wareham
et al., 2018) It is known that NO and cGMP regulate AqH outflow and
IOP in pre-clinical models and clinical models,(Ellis et al., 2009;
Khoobehi et al., 2011; Kotikoski et al., 2003; Krauss et al., 2011;
Weinreb et al., 2015; Weinreb et al., 2016) and that NO has been at-
tributed to both neurotoxic and neuroprotective roles, which appear to
stem from concentration effects in vivo. Excess endogenous NO is nox-
ious, since it can undergo oxidative reduction reactions to produce re-
active nitrogen species,(Pacher et al., 2007; Guix et al., 2005) which
have been implicated in the pathogenesis of neurodegenerative dis-
orders such as Alzheimer's Disease.(Sobrevia et al., 2016) However,
several studies have revealed neuroprotective properties of NO through
its downstream activation of the cGMP pathway and subsequent
downstream effectors, such as protein kinases and Ca2+ channels.
(Kohgami et al., 2010; Ditlevsen et al., 2007; Thippeswamy et al., 2005)
Our previous work established female GC-1−/− mice as a new animal
model for POAG, suggesting a central role for NO/GC-1 signaling in the
regulation of IOP and RGC homeostasis.(Buys et al., 2013)

Despite an important role for the NO-cGMP pathway emerging in
the pathophysiology of glaucoma,(Wareham et al., 2018) there have
been little preclinical work done to explore the therapeutic potential of
harnessing this pathway in glaucoma treatment. We show in two
murine models of glaucoma (POAG and PACG) that systemic delivery of
tadalafil prevents IOP-induced degeneration of RGCs. This apparent
neuroprotection was independent of IOP, as we detected no change in
the magnitude or duration of IOP elevation with tadalafil treatment in
either the POAG or PACG model. There are some reports that the PDE5
inhibitors tadalafil and sildenafil cause transient increases in IOP in
sheep(Gerometta et al., 2010) and also in humans.(Gerometta et al.,
2011) However, our results align well with a long-term study in humans
with POAG that demonstrated no significant change in IOP when sil-
denafil, also a PDE5 inhibitor, was administered at a dose of 100mg.
(Grunwald et al., 2001)

While tadalafil treatment did not impact IOP elevation in our POAG
and PACG models, systemic enhancement of cGMP has the potential to
affect other relevant parameters, such as blood pressure. We de-
termined that our treatment paradigm for tadalafil was sufficient to
enhance systemic cGMP levels, illustrating target engagement, without
elevating systemic blood pressure, a potential confounding aspect dis-
cussed below. It may seem surprising that genetic ablation of GC-1 is

not associated with reduced cGMP levels in mice maintained on control
chow; however, in addition to GC-1, cGMP is generated by other gua-
nylyl cyclase isoforms, such as GC-2 and natriuretic peptide receptors.
(Lucas et al., 2000) Despite this, plasma cGMP levels were lower in GC-
1−/− mice than WT mice fed tadalafil diet, confirming that ablation of
GC-1 is associated with impaired cGMP signaling.

Given that tadalafil treatment in our study was sufficient to enhance
cGMP levels and protect RGCs independently of IOP, we explored
whether cGMP enhancement directly impacted survival of retinal cells
generally and RGCs specifically. In ex vivo retinal explants, incubation
with 8-Br-cGMP led to a decrease in extracellular LDH, an easily
quantifiable indicator of necrotic cell death. Levels of CC3 were also
lower in tadalafil-than in vehicle-treated explants, suggesting a reduc-
tion in the activation of pro-apoptotic pathways. In vitro studies in
primary purified RGCs yielded similar results, indicating that en-
hancement of cGMP levels has the potential to mitigate both necrotic
and apoptotic pathways of cell death in retina and more specifically,
RGCs. Together, these data suggest that the apparent neuroprotective
effect of tadalafil in our POAG and PACG models arises, at least in part
from cGMP-dependent attenuation of pro-apoptotic pathways, known
to underlie RGC degeneration in both murine glaucoma models
(Berkelaar et al., 1994; Garcia-Valenzuela et al., 1994; Garcia-
Valenzuela et al., 1995; Quigley et al., 1995; Reichstein et al., 2007)
and in human patients.(Berkelaar et al., 1994; Garcia-Valenzuela et al.,
1994; Garcia-Valenzuela et al., 1995; Quigley et al., 1995; Reichstein
et al., 2007) Consistent with our findings in primary RGCs, anti-apop-
totic roles of NO and cGMP have already been implicated in RGC sur-
vival(Olivares-Gonzalez et al., 2016; Schallner et al., 2013) and in other
neuronal cell lines, such as motor and sympathetic neurons(Farinelli
et al., 1996; Estevez et al., 1998) and hippocampal neurons.(Barger
et al., 1995)

The encouraging results reported in this study are likely to trigger
additional research. Firstly, to show a true neuroprotective role of ta-
dalafil in glaucoma, assessment of the effect of tadalafil on visual
function in the glaucoma models studied will be required. Also, while
no effect of 6-month treatments with tadalafil or sildenafil on electro-
retinography was detected in healthy humans(Cordell et al., 2009)
chronic tadalafil treatment was associated with toxic effects on photo-
receptors in rat studies.(Sarhan & Omar, 2018) Thus, studies of the
effects of chronic tadalafil on ultrastructural features should be

Fig. 7. 8-Br-cGMP impedes necrotic and apoptotic
pathways. A) Necrotic cell death, measured by LDH
absorbance, was less pronounced in retinal explants
incubated with 100 μM 8-Br-cGMP than in explants
incubated with vehicle, n= 6, *p=0.02 B) Cleaved-
caspase-3 (CC3) expression was attenuated in retinal
explants when incubated with 100 μM 8-Br-cGMP,
n= 6, **p= 0.002, C) Necrotic cell death, measured
by LDH absorbance, was less pronounced in primary
RGCs incubated with 100 μM 8-Br-cGMP than in
RGCs incubated with vehicle, n= 4, ***p= 0.0008
and D) CC3 expression was attenuated in primary
RGCs when incubated with 100 μM 8-Br-cGMP,
n= 4, *p=0.04. Data expressed as mean ± S.D.

L.K. Wareham et al. Neurobiology of Disease 121 (2019) 65–75

72



executed when further exploring a potential therapeutic role of tadalafil
in glaucoma management. Any side effects of the use of PDE5 inhibiters
may be circumvented by taking advantage of other compounds under
clinical development that increase cGMP bioavailability.(Buys et al.,
2018) In addition, other dosing strategies for tadalafil and other PDE
inhibitors have not yet been explored, and were beyond the scope of
this study. Other PDE5 inhibitors have been used in the clinic and
previous studies have shown that they are effective as neuroprotective
agents. In a rat model of hypoxic ischemia, activation of the NO-cGMP
pathway by sildenafil, a PDE5 inhibitor similar to tadalafil but with
reduced half-life and specificity, reduced apoptosis, astrocytosis and
microgliosis in the brain.(Charriaut-Marlangue et al., 2014) We selected
the PDE5 inhibitor tadalafil to elevate cGMP levels in vivo due to its
longer half life,(Coward & Carson, 2008) proven safety in chronic
treatments,(Forgue et al., 2006) and ability to cross the blood-brain
barrier.(Garcia-Barroso et al., 2013) Tadalafil has also been proven to
be neuroprotective in spinal chord injury(Serarslan et al., 2010) and in
ischemia/reperfusion injury in the fetal rat brain.(Ozdegirmenci et al.,
2011)

Visual disturbances have been reported in patients taking PDE5
inhibitors,(Stockman et al., 2007; Center for Drug Evaluation and
Research, 1998) the most common being an increased sensitivity to
light.(Carter, 2007; Cunningham & Smith, 2001; Santaella &
Fraunfelder, 2007) These symptoms likely arise from off-target inhibi-
tion of PDE6 in the retina. However, the selectivity of PDE5 over PDE6
is 700-fold for tadalafil(CIALISR, 2008) compared with 10-fold for sil-
denafil(ViagraR, 2008) and 15-fold for vardenafil,(LEVITRAR, 2008) so
off-target effects when using tadalafil are likely limited. In fact, the rate
of occurrence for these symptoms is low at only 0.1% of tadalafil users.
(Brock et al., 2002) The decision to dose tadalafil so as not to impact
MAP was to prevent the potentially confounding effect of MAP on
ocular blood flow. Although we did not identify changes in MAP and
there are conflicting data on the role of systemic blood pressure in
glaucoma etiology and progression,(Bonomi et al., 2000; Mitchell et al.,
2004; Orzalesi et al., 2007; Leske, 2009) we cannot rule out a tadalafil-
mediated effect on retinal vascular function as a contributor to the
apparent neuroprotection we noted in vivo.

5. Conclusions

Overall, our results indicate that increasing cGMP bioavailability
promotes RGC survival in murine models of POAG and PACG, likely
through direct modulation of pro- and anti-apoptotic pathways.
Furthermore, our data identify tadalafil and related compounds that
enhance cGMP bioavailability and that are already clinically available
or being tested in clinical trials for a variety of indications(Buys et al.,
2018) as potential therapeutics for direct RGC neuroprotection. Such
therapeutics could serve to increase efficacy of treatment in glaucoma
patients with continued disease progression despite IOP lowering in-
terventions. Further experiments are warranted to explore the possible
effects of tadalafil on retinal vasculature and other putative mechan-
isms of RGC survival in glaucoma models.
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